The enzymatic carboxylation of phenol and styrene derivatives using (de)carboxylases in carbonate buffer proceeded in a highly regioselective fashion: Benzoic acid (de)carboxylases selectively formed o-hydroxybenzoic acid derivatives, phenolic acid (de)carboxylases selectively acted at the β-carbon atom of styrenes forming (E)-cinnamic acids.
(1) The major intermediates derived from crude oil encompass methanol, alkenes (ethene, propene, butene, butadiene) , and aromatics (benzene, toluene, xylenes). redox-independent process, it is ideally suited for the detoxification of phenolics in anaerobic organisms, 10, 11 which represents a biocatalytic equivalent to the KolbeÀ Schmitt reaction, 6 which requires pressurized CO 2 and elevated temperatures (120À300°C) and often suffers from incomplete regioselectivities.
Although the biodegradation of phenolic compounds via carboxylation by whole microbial cells is reasonably well understood, 11b the respective enzymes were predominantly investigated for their (downhill) decarboxylation activities. 12 In contrast, only limited data are available on the enzymatic carboxylation of (hetero)aromatics using (de)carboxylases running in the reverse (synthetic) direction:
(i) p-Carboxylation of phenol yielding p-hydroxybenzoic acid is catalyzed by phenylphosphate carboxylase, 11b,13 which requires activation of the substrate by (energy-consuming) phosphorylation with ATP prior to carboxylation. In contrast, 4-hydroxybenzoate decarboxylase was found to catalyze the direct (reverse) carboxylation of phenol at a slow rate 14 (max. conversion 19% 15 ). (ii) The regio-complementary o-carboxylation of phenol was catalyzed by salicylic acid decarboxylase with a respectable conversion of 27%. 16 Most interestingly, the carboxylation of m-aminophenol selectively gave the antituberculostatic agent p-aminosalicylic acid with 70% conversion. 17 (iii) 1,2-Dihydroxybenzene (catechol) was selectively carboxylated at the o-position by 3,4-dihydroxybenzoate decarboxylase in up to 28% conversion.
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The 1,3-analog (resorcinol) was carboxylated at the 2-position by 2,6-dihydroxybenzoate decarboxylase in up to 48% conversion. 19 Although the enzyme was completely regioselective on its 'natural' substrate, it was also able to convert phenol, 1,2-dihydroxybenzene, and m-aminophenol at very low rates.
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(iv) In contrast to the carboxylases mentioned above, which strictly depend on the presence of a phenolic functional group in the substrate, electron-excess heteroaromatic species (e.g., pyrrole, indole) were carboxylated at position 2 or 3, respectively, by pyrrole-2-carboxylate decarboxylase (max. conversion 80% 21 ) and indole-3-carboxylase (max. conversion 34% 22 ) (Scheme 1). Unfortunately, both enzymes appear to be highly substrate specific and only tolerate minimal structural variations.
In addition to the benzoic acid (de)carboxylases discussed above, which catalyze the carboxylation of an aromatic system, phenolic acid decarboxylases 23 act on the side chain of hydroxycinnamic acids yielding styrenes. The reverse carboxylation activity of the latter enzymes is unknown. Based on the limited structural data available to date, both types of enzymes act through completely different mechanisms: Whereas benzoic acid decarboxylases are metal-dependent and require a catalytically active Zn 2þ in the active site, 24 the mechanism of phenolic acid decarboxylases proceeds via general (metal-independent) acidÀbase catalysis.
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In order to ensure the practical applicability of the enzymatic carboxylation, we avoided oxygen-sensitive enzymes 13a,14a,14b,15 and thus selected (de)carboxylases, which are known to be oxygen-stable. The following candidates were cloned and (over) expressed in E. coli BL21 (DE3) as host: 2,3-Dihydroxybenzoate decarboxylase from Aspergillus oryzae (2,3-DHBD_Ao), 26 2,6-dihydroxybenzoate decarboxylase from Rhizobium sp. (2,6-DHBD_Rs), 27 salicylic acid decarboxylase from Trichosporon moniliiforme (SAD_Tm), 28 phenolic acid decarboxylases from Lactobacillus plantarum and Bacillus amyloliquefaciens (PAD_Lp, 29 PAD_Ba). 30 Carboxylation reactions were performed in glass vials using whole lyophilized E. coli cells (showing activities of 1.3 U/mg (PDC_Lp)) in phosphate buffer. After addition of substrate (10 mM) and KHCO 3 (3 M, pH 8.5), the samples were shaken at 30°C and 120 rpm. After extractive workup (24 h) reversed-phase HPLC was used to determine the conversion. Blank-experiments using empty E. coli host cells ensured the absence of competing (de)carboxylation activities (see Supporting Information).
For the mapping of the substrate tolerance, the candidate enzymes were tested using a representative set of phenols (1aÀ3a), as well as dihydroxybenzene (4aÀ6a) and styrene derivatives (7aÀ9a) bearing electron-donating or -withdrawing groups. Since the application of CO 2 -pressurized reaction conditions (up to 2 bar) did not have any significant effects on the conversion, it was assumed Table 1 . Enzymatic Carboxylation of Phenols and Styrene Derivatives Using Benzoic and Phenolic Acid Decarboxylases a a Reaction conditions: whole lyophilized E. coli cells containing overexpressed (de)carboxylase (30 mg), substrate (10 mM), KHCO 3 (3 M), P i buffer (pH 8.5, 100 mM), 30°C, 120 rpm, 24 h. b 2,3-DHBD_Ao = 2,3-dihydroxybenzoate decarboxylase (Aspergillus oryzae). 26 c 2,6-DHBD_Rs = 2,6-dihydroxybenzoate decarboxylase (Rhizobium sp.).
27 d SAD_Tm = salicylic acid decarboxylase (Trichosporon moniliiforme). 28 e PAD_Lp = phenolic acid decarboxylase (Lactobacillus plantarum).
29 f PAD_Ba = phenolic acid decarboxylase (Bacillus amyloliquefaciens).
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